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I. THE MAGNET PULL

S
UPERCONDUCTING magnets are one of the core technologies of particle accelerators, the basic instruments in modern High Energy Physics (HEP). Superconducting accelerator magnets, based on strands and cables made of Cu/Nb-Ti composites, have increased the reach of synchrotrons, from the Tevatron [1] , through HERA [2] , RHIC [3] and finally the LHC [4] , [5] . The LHC dipoles [6] , with a nominal operating field of 8.33 T at 1.9 K, are the culmination of 40 years of intense R&D and effective technology transfer to industry. Although a field as high as 10.5 T was reached in a short Nb-Ti dipole model [6] , the range of 8 to 9 T is the upper practical limit for the field that can be reached using Nb-Ti.
The pull on superconducting magnets for HEP is expected to continue in the coming years. The first such example is the High-Luminosity LHC (HL-LHC) project, that has as a main objective an increase of the LHC luminosity (rate of collision) seen by the ATLAS and CMS experiments by a factor of five [8] - [11] . This requires very large aperture interaction region (IR) quadrupoles, with field levels at the coil in the range of 12 to 13 T [12] . In addition, the need for additional collimators in the LHC requires arc dipoles of shorter length and increased bore field, of approximately 11 T [13] .
A second example of the pull of HEP on superconducting magnets is the search for physics beyond the Standard Model. The results from the coming run-II of the LHC, in the years 2015-2018, will be critical to provide leading directions for the HEP of the future. It is likely that the push for higher particle energy, and the associated increase of the discovery potential, will continue. This is why CERN has responded to a strong recommendation of the European Strategy Group for Particle Physics [14] by recently starting a design study to consider options for a Future Circular Collider (FCC) with center-of-mass energy of 100 TeV, a 7-fold increase with respect to the nominal LHC conditions. A first analysis of the general parameters for such a machine has led to a baseline configuration requiring 16 T dipoles in a 100 km tunnel. This study will further push the initial considerations on the possibilities for an energy upgrade in the LHC tunnel, i.e. an HE-LHC as it was baptized at the time of inception [11] , [15] . The HL-LHC project and the FCC design study are two strong drivers for the development of superconducting magnets producing accelerator quality bore fields beyond those produced by the LHC dipoles. This immediately calls for the use of an alternative superconductor material, or a combination of alternative materials, with critical field higher than Nb-Ti.
Only a few practical alternatives to Nb-Ti can be realistically considered, and in practice Nb 3 Sn is the prime candidate to develop accelerator magnets beyond 10 T. Nb 3 Al has promising properties, higher critical field when compared to Nb 3 Sn, and high tolerance to strain, but its critical current density is not sufficient, and at present it is not produced industrially [16] . Whereas the intrinsic properties of MgB 2 indicate potentials for use in high magnetic fields (B C2 of 29 T and 49 T have been measured respectively in un-textured bulk poly-crystals and in thin films), MgB 2 wire today does not have the required in-field properties (critical field and current density) to be considered a candidate for large-scale magnet applications. HTS materials, both YBCO and BSCCO-2212, are potentially good candidates for field boosters (inserts) as they have high current density at field levels beyond those attainable with Nb 3 Sn (20 T range for accelerator magnets). However, high field magnet technology with these materials is only in its infancy, confronted with issues of electromagnetic design, mechanics, electrical insulation, quench protection, manufacturing and cost, that will demand some years before solutions can be found and proven. Other materials, including early developments of LTS and new discoveries of HTS (e.g., iron-based superconductors), are today still in the phase of material studies, i.e., not ready for being considered potential candidates for HEP applications. 
II. THE MAGNET DEMANDS
To put the following discussion in the appropriate context, we recall some fundamental demands coming from present accelerator magnet technology [17] . Note that in a first approximation these requirements do not depend on a specific magnet design, but the considerations below are specific to a superconducting multi-filamentary wire.
A. Current Density and RRR
Firstly, superconducting wires suitable for accelerator magnets require a high engineering current density J E , 600 A/mm 2 and larger, so as to limit the dimensions of the coil and the overall magnet size. In addition, a good stabilizer, as an example copper for Nb 3 Sn with local RRR in excess of 100, is necessary for stability [18] and protection. We stress that the RRR requirement holds locally, that is also in portion of strands that have undergone deformation during cabling (see later). The fraction of stabilizer to superconductor (Cu:non-Cu) must be typically above 1 (the LHC strands have fractions larger than 1.5). Taking conservatively a stabilizer fraction, of 1.5, this translates the above value of J E to a minimum non-copper (non-Cu) critical current density J C ≥ 1500 A/mm 2 at the magnet design conditions.
B. Magnetization and Effective Filament Diameter
A further requirement is that the magnetic moment generated by the persistent currents in the filaments must be small and well controlled, to achieve reproducible field quality at all operating conditions. As an example, the LHC Nb-Ti wire had a magnetization μ 0 ΔM < 30 mT (width of magnetization loop, referred to the strand volume) at the LHC injection field of 0.54 T and 1.9 K, and a specified maximum spread of ±4.5% of the average value. Higher values can be accommodated by design and correction features, provided the magnetization is deterministic and reproducible. A factor five above the typical LHC values, i.e., μ 0 ΔM ≤ 150 mT at injection conditions appears as a reasonable upper limit for a superconductor to be used in a collider. There are a number of reasons for this value, which are worth developing further. As mentioned above, the magnetization must be reproducible, which implies the absence of flux jumps. Indeed, it was shown in [19] that partial flux jumps in modern HEP strands greatly affect the value of magnetization, and are strongly temperature dependent.
Although not yet demonstrated in practice, an extrapolation of the data collected in [19] suggests that a magnetization amplitude in the range specified above would result in the absence of flux jumps at 1.9 K. Once reproducible, correction by magnetic shims (see e.g., [20] , and a specific example for the HL-LHC 11 T dipoles [21] ) can reduce the variation of persistent current multipoles by the factor five quoted earlier, provided the magnetization is above penetration in a large part of the coil. In the case of a round filament, and indicating with f SC the fraction of superconductor in a strand, there is a proportionality relation between the magnetization amplitude μ 0 ΔM and the penetration field B P :
The value of μ 0 ΔM specified above, and a Cu:non-Cu ratio of 1 to 1.5, results in a penetration field around 0.5 T. This is the appropriate range for the applications considered here, whereby an HL-LHC 11 T dipole will see injected beam at about 0.6 T, while a 16 T FCC dipole will have an injection field of about 1 T.
We also remark that small values of magnetization will also result in small production spread, which is still an issue for Nb 3 Sn when compared to Nb-Ti. The LHC specification quoted earlier, with statistical process control bands at ±4.5%, is at least three times tighter than typical values obtained on the ITER Nb 3 Sn production [22] . Combining large spread and a large average μ 0 ΔM would give rise to significant, hysteretic non-allowed multipoles, quite challenging to correct.
Finally, for a given J C , the limit on μ 0 ΔM translates in a maximum effective filament diameter D ef f . In HEP Nb 3 Sn wires this is close to the size of the sub-element, and hence related to the "real-estate" available for the superconducting phase. We will come back later to the significance and challenge of a "triad" requirement (J C , RRR, D ef f ) on HEP wires with present architectures.
C. Mechanics and Deformations
Mechanical properties and strain tolerance of strands and cables constitute a large chapter in superconducting magnet engineering, which is especially true in brittle Nb 3 Sn. For the purpose of this paper we simply recall that the strand needs to undergo a cabling step necessary to reduce the magnet inductance, which requires tolerance to plastic deformation and large strains (the local strain values typical of cabling are in the range of ε cabling ≈ 10% . . . 30%). Finally, once wound in a coil, heat-treated and impregnated, the cable is subjected to differential thermal contraction, and electromagnetic forces. An allowable longitudinal strain range of ε ≥ ±0.3% and a maximum allowable transverse stress σ ≥ 150 MPa are realistic targets for the design of high field accelerator magnets.
III. PRESENT Nb 3 Sn FOR HEP APPLICATIONS
Comprehensive reviews of Nb 3 Sn and a status of its present performance can be found in a relatively large number of recent references (see [23] - [27] and references therein as an example). In practice, of the three manufacturing routes used for industrial production of Nb 3 Sn, i.e. Bronze Route (BR), Internal Tin (IT) and Powder in Tube (PIT), only IT and PIT are good candidates to reach the performance of interest for high-field accelerator magnets. The performance of BR Nb 3 Sn is limited by the amount of Sn that can be made available to react the Nb filaments, and the loss of "real estate" associated with the Sndepleted bronze remaining after the reaction. Due to the combination of these two effects, bronze route wires have a typical upper limit of J C at 4.2 K and 12 T in the range of 1000 A/mm 2 , which is very far from the targets declared earlier.
Of the two other techniques, the most successful industrial IT is the Restacked Rod Process (RRP) of Oxford Superconducting Technology (OST) [28] , development was triggered by the US-DOE Conductor Development Program (CDP) [29] . RRP IT strands have achieved record non-Cu J C values of Sn material is around 80 μm at a strand diameters of 0.8 mm, which leads to magnetization largely exceeding the target quoted above (by at least a factor 3, depending on the reference field), and strong flux jump instability [19] , [31] . A reduction of the filament diameter for this architecture, and with the present sub-element design, leads to a significant loss of J C [28] , and difficulties in maintaining a high RRR. The development performed in the framework of the US-DOE CDP and the Hi-Luminosity Nb 3 Sn program have found a threshold at about 40 μm, diameter below which either J C decreases and/or RRR is reduced [28] . Both effects lead to a significant reduction of performance, either because of insufficient current capability, or self-field instability [32] .
The second high-J C Nb 3 Sn route is PIT, a technique originated at the Netherlands Energy Research Foundation (ECN), transferred to industry first through ShapeMetal Innovation (SMI, NL), then acquired by European Advanced Superconductors (EAS), and presently manufactured by Bruker-EAS. PIT has progressed in the past ten years, partially supported by the European CARE [33] and EuCARD [34] programs, achieving a record J C of approximately 2700 A/mm 2 at 4.2 K and 12 T [35] , with excellent RRR (above 200) and B C2 at 4.2 K of approximately 25.7 T (Kramer extrapolation), which significantly exceeds the values observed in OST-RRP wires. The tube diameter results in a D ef f of 40 to 50 μm for a wire diameter of 1.25 mm. In the same way as for the OST-RRP, a reduction of the tube diameter leads to loss of J C , or a reduction of RRR. Similarly, also for PIT the threshold value of D ef f below which the performance is reduced is at about 40 μm [36] .
We report in Fig. 1 the cross section of 1 mm RRP and PIT wires procured at CERN within the scope of the NED [33] and FRESCA2 programs [34] , and in Fig. 2 a compilation of the best performance obtained during this procurement (the fits are based on Kramer extrapolation with p = 0.5, q = 2). We note that the performance advantage at 12 T of RRP vs. PIT is reduced as the field is increased, owing to a difference in B C2 already mentioned earlier. In fact, in the specific case of this 1 mm wire, the two manufacturing routes result in similar J C at projected fields of 18 T to 20 T, where the two curves crossover. This largely depends on specific optimization, mostly the heat treatment temperature and duration, and on the alloying element (note that while PIT presently relies on a Nb-Ta alloy, [33] and EuCARD [34] programs. The measurements are fitted using a Kramer relation (p = 0.5, q = 2), and are compared to the present specification for the HL-LHC Nb 3 Sn production.
most recent RRP production has changed to Ti additions, with a potential change with respect to the data reported in Fig. 2) .
The values quoted above should be interpreted as an upper performance limit, and cannot be sustained in a large-scale production such as the one planned for the construction of the HL-LHC Nb 3 Sn magnets. A practical compromise was taken for the production of the HL-LHC wire, providing a specification with reduced J C , 2450 A/mm 2 at 12 T and 4.2 K, and 1340 A/mm 2 at 15 T, 4.2 K, with a minimum RRR of 150 and an effective filament diameter (the sub-element dimension) below 50 μm. The specification values are reported in Fig. 2 to give a sense for the margin taken.
Indeed, the combination of the triad of requirement on J C , RRR and D ef f is far from trivial. As anticipated, the effective filament diameter in state-of-the-art HEP Nb 3 Sn wires is essentially the same as the sub-element diameter. Although there has been some success on development wires that reached sub-element diameter in the range of 30 μm, still maintaining relatively high J C [28] , [36] , the limit is associated with the fact that the Nb 3 Sn reaction must be limited (maximum temperature and time) to avoid that the Sn pierces the Nb diffusion barrier of the sub-element. This requires that a thickness of 1 μm to 2 μm is left unreacted at the end of the heat treatment. This leads to a net loss of "real estate" that weighs in percentage much more when the sub-element dimension is small. An additional difficulty lies in the fact that the cold-drawn sub-elements deform at increasing area reduction. The deviation from a central symmetry (round or hexagonal shape) is responsible for nonhomogeneous advancement of the Nb 3 Sn reaction front in the sub-element cross-section, and premature piercing of the Sndiffusion barrier. In the same way, deformation of sub-elements during cabling makes the cable heat treatment very critical. A very small (< 0.1 at %) Sn concentration in the matrix, due to Sn-leak, degrades the RRR to values below the minimum acceptable. An example of the delicate balance between J C , RRR and sub-element diameter is shown in Fig. 3 , where we report a compilation of results obtained at CERN on various strands with different sub-element diameter. The heat treatment was optimized to maintain an RRR above 150. J C decreases by 10% to 20% in both RRP and PIT architectures as the sub-element diameter is reduced between 60 μm and 40 μm. Similar work was extensively performed on RRP wires and documented in the scope of the US-LARP collaboration [37] , yielding similar observation.
IV. TARGETS FOR FUTURE R&D ON Nb 3 Sn
If we compare the HL-LHC Nb 3 Sn specifications to the minimum performance requirements from the point of view of magnet design and accelerator operation (Section II ), and consider the state-of-the-art (Section III ), we can be confident that J C and RRR of present Nb 3 Sn for HEP applications should be sufficient for both the HL-LHC 11 T dipole and the interaction region quadrupole magnets. In fact, both magnets are designed to operate with a peak field of about 12 T, and profit from the existing J C margin at 12 T to push the engineering current density J E to about 750 A/mm 2 . This helps limiting the outer diameter of the quadrupoles, and is a must to fit a twin aperture 11 T dipole in the existing geometry of the LHC (given the inter-beam distance of 194 mm and a cold mass diameter of 570 mm). The sub-element diameter, on the other hand, is such that the desirable magnetization is exceeded by a factor 2 to 3, i.e., μ 0 ΔM exceeding 300 mT at the LHC injection conditions [19] . Flux jumps at 1.9 K introduce a degree of uncertainty in the contribution of the magnetization, thus making accurate correction difficult, and give a voltage noise on the quench detection system, requiring special thresholds and filtering conditions with respect to the Nb-Ti magnets. Fortunately, for both HL-LHC dipoles and quadrupoles this should be acceptable.
In the case of the 11 T dipoles, where the number of units will be limited to a few (at most 20 cryomagnets vs. the 1232 Nb-Ti dipoles arranged in the LHC), the main concerns are the allowed (mainly normal sextupole) and non allowed (mainly skew quadrupole) field errors introduced by systematic and random variation of the superconductor magnetization. Beam optics simulation based on measured field quality data obtained on short models [38] have shown that these field errors will require correction, but are still expected to be within acceptable margins. Dedicated quench detection cards can be deployed for the few magnets in question, with variable thresholds and delays. In the case of the final focus quadrupoles, their effect on the beam is mostly at collision conditions, i.e., at high field, where the magnetization is small, and the main concern here is reliability of the quench detection system. Tests on magnet models have shown a marked improvement from the first experience on the 90 mm aperture HQ01 [39] , with uncored cable, to the second model, HQ02, built with cored cables made of strands with smaller sub-element diameter [40] , thus also giving confidence that this issue should be manageable in the more demanding conditions of accelerator operation.
Moderation is applied in the above statements, as suitability for accelerator operation is indeed one of the main focuses of both 11 T dipole and IR quadrupole programs for HL-LHC, to be resolved by 2016 with the test of the first full-length magnets of both types.
For a collider such as the FCC, on the other hand, the performance of present Nb 3 Sn will not be sufficient. We can clearly identify three grand challenges.
The first challenge is posed by a design field of 16 T at an operating temperature of 4.2 K (it is still under study whether the benefit of superfluid helium cooling at 1.9 K can outweigh the additional operation costs). Following the reasoning in Section II, this translates into a requirement of a minimum noncopper critical current density J C of at least 1500 A/mm 2 at 4.2 K and 16 T, which is approximately 50% higher than the present HL-LHC specification. The coil current density at this J C will be significantly lower than in the HL-LHC magnets, which may be beneficial, and indeed necessary to reduce the energy density and stress in the winding. Associated with a high J C , it is important that the RRR value is kept high after cabling, winding and heat treatment. As for HL-LHC we believe that this can be satisfied by taking a margin with respect to the minimum value quoted earlier, asking in practice for an RRR of 150 in virgin conditions. The second challenge is the magnetization, which is presently much too large to allow for sufficient correction of allowed and non-allowed multipoles generated either by the systematic value or random variations of μ 0 ΔM . The injection field of a FCC could be in the range of 1 T, corresponding to a field swing from injection to collision of 16, a reasonable value close to the LHC design value. A Nb 3 Sn strand with the value of J C as quoted above, and a magnetization amplitude μ 0 ΔM of 150 mT at 1 T and 4.2 K would require an effective filament diameter of approximately 20 μm. The additional benefit, already discussed earlier, is the fact that the penetration field would be of the order of 0.5 T, which is well below the prospected injection field of an FCC, and makes accelerator pre-cycling and operation easier. In addition, the spread of magnetization values should be kept as small as possible, ideally as for the LHC, at ±4.5% range.
Finally, the third challenge is posed by the cost of the conductor. Present HEP Nb 3 Sn costs approximately 10 euros/kA · m at 12 T, 4.2 K, i.e., an approximate factor 10 above Nb-Ti. For a project of the scale of FCC, which may require LTS materials in massive quantities (an estimate of 6000 tons of Nb 3 Sn, 10 times the ITER production), a significant scale effect must be expected. According to the analysis of [41] , a factor 3 reduction related to scaling-up of billet size and yield seems realistic. Combined with the improved performance demanded above, we believe that a range of 5 euros/kA·m at 16 T, 4.2 K should be considered as a challenging, and yet achievable target. Note that this corresponds to a cost per kg of material comparable to ITER production costs.
In summary, performance targets for the next step in Nb 3 Sn material R&D are reported in Table I . In addition to the values discussed above, we report there the range of interest for the strand diameter, and unit length.
V. DISCUSSION AND CONCLUSION
Priority on the short term, as far as HEP accelerator magnet technology is concerned, should be given to securing a reliable, stable, and affordable technology for the production of the HL-LHC magnets. And yet, with a view to the medium and long-term future, it is important that work is started in the direction of further improving Nb 3 Sn performance towards the targets discussed in Section IV and summarized in Table I .
In fact, with exception of the specific cost, all the figures in Table I can be achieved, one by one. The real challenge is to achieve them all at once, which, most likely, is not going to be possible through a simple extrapolation and improvement of existing strand architectures, but will rather require an evolutionary change.
The increase of J C will require pursuing multiple avenues, including improved use of the "real-estate" in the sub-element (e.g., considerations on PIT in [25] and [42] ), grain refinement (e.g., [26] , [43] and recent results in [44] ), and, possibly, the introduction of artificial pinning centers (APC). In fact, a combination of grain refinement and APC's may lead to a substantial modification of the shape of the pinning force, which would bear the combined benefit of an increased J C at high field and a simultaneous reduction at low field, thus also reducing the magnetization (one such relevant example is discussed in [26] ).
The RRR target will probably require protecting a part of the copper stabilizer from Sn diffusion, taking into account the need of a robust design to withstand the strand deformation during cabling.
Finally, the demand of low magnetization with a D ef f of 20 μm will require re-thinking the sub-element architecture, as well resolving practical manufacturing issues such as stacking as many as 1000 sub-elements. It is important to remark here that the proper target is given on the magnetization, and not on the size of the sub-element, and alternatives such as partitioning a sub-element may be more viable [31] , [45] .
In summary, a significant R&D is required to make Nb 3 Sn the workhorse of the colliders of the future. We see this R&D work as the natural extension of the US-CDP program launched at the end of the 1990's [29] , towards full maturity of Nb 3 Sn for HEP applications.
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